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EL-4 ascites thymoma cells are shown to have high aerobic glycoly~ia nd decreased Pasteur effect. At the same time, glucose produces a much 
smaller inhibitory el'fe~t on cell respiration (Crabtree ffect) titan m Ehrlieh aseites carcinoma (EAC) cells. In intact EL-4 cell~, the respiratory 
control ratLo (RCR) was found to be 6.2 with endogenous substrates and 8.0 w~th 81utamme. Glucose decreased the RCR to 3.2, by stimulating 
the state 4 respiration, ht rat thymocyte~ and EAC cells, such an effect of glucose was absent (RCR of 7.0 and 7.2, re.~peetwely). It is suggested 
that in EL-4 tumor cells, the high aerobic glycolysis and small Crabtree effect may be due to glucose-induced "uncoupling' of oxidation and 
phosphorylation. 
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1. INTRODUCTION 
Rapidly growing tumor cells have some unusual bio- 
energetic features: increased aerobic glycolysis, 
Crabtree effect (inhibition of respiration by glucose) 
and decreased Pasteur effect [1,2]. Several mechanisms 
for such energy metabolism have been suggested, e.g. 
small mitochondria content and their abnormal struc- 
ture [1,2], elevated ATPases activities [3,4]° high hexo~ 
kinase activity and its association with mitochondrial 
outer membrane [5], increased level of frttetose-2,6-di- 
phosphate, a glycolysis activator [6]. However, the con- 
tribution of the proposed mechanisms in the bioenerget- 
ies of tumor cells has not been fully evaluated. 
The inhibitory effect of glucose on tumor cell respira- 
tion has been intensively studied [7-9]. The most ac- 
cepted explanation of this effect is the limited access of 
ADP and phosphate for H+°ATP-synthase of mitochon- 
dria in the presence of ~lucose, although another mech- 
anism (decreased respiratory substrates availability) 
was also suggested [10]. The effect of glucose on the 
respiratory control ratio (RCR) has not been studied 
systematically ~nd there have only been a few reporls 
about the RCR of intact tumor cells (e.8. in AS-30D 
hepatoma the RCR was found to be equal to 6-7 [11]). 
Below a new mechanism of high aerobic glyeolysis in 
tumor cells is described, i.e. glucose-i~duced decrease in 
efficiency of oxidative phosphorylation. 
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2. MATERIALS AND METHODS 
The EL-4 ascite~ thymoma nd Ehrhch asc~tes carcinoma (EAC) 
were grown as described previously [12]. The cells were washed with 
HBSS and re.~uspended m HBSS with 20 mM HEPES buffer (pH 7.4) 
with or without glucose (10 raM). TheLr viability estimated by Trypan 
blue staining was equal to 95%. They wele then incubated (10 ~ cells 
× ml -~) at 37°C under aerobic onditions with the compounds to be 
investigated, and the cell suspenmoa was u~ed for lactate and ATP 
determination Solvent controls (ethanol and dimethylsulfoxide) were 
included. 
Thymoeytes were ~solated from the thymus of female W~star ats 
(100-150 g), washed by HBSS and resuspended in the same medium. 
Their vtability was about 90%. 
Cell respiration was monitored by a Clark ozygen electrode at 37°C 
in HBSS. The RCR of intact cells was determined as described by 
Naka~hima et al. [1 I], namely dJvLding the maximal respiratory rate 
in the presence or" oli8omycin ÷ CCCP (~tatu 3} by the respiratory rate 
m the presence of oligonaycin only (state 4). Olycolysis was measured 
by lactate p~oduct~on; the latter was determined in the incubation 
medium with lactale debydrogenase [ 13]. ATP was determined by the 
lu¢fferine-luciferase m thod with a LKII Wallac 1251 luminometer. 
CCCP and HEPES were from Sigma; rotenone and DNP were from 
Scrva; oligomyein and lactate dehydrogenaue w re from Reanal, tla¢ 
ATP assay kit was from Calbiochem; all other reagents were ofanalyt- 
teal 8r:tde. 
The data shown are mean~ +_ S.E.M. of 3-8 independent determma- 
l ions. 
3. RESULTS AND DISCUSSION 
EL-4 ascites thymoma, as with other rapidly growing 
tumors, has a high aerobic glycolysis and decreased 
Pasteur effect (about 40%) (Table I). However, glucose 
had much smaller effect on EL-4 cell respiration (Table 
I) than in EAC where respiration was inhibited about 
2-fold (data not shown). The endogenous and glucose- 
supported respirations of EL-4 cells were almost otally 
(>95%) inhibited by rotenone, an inhibitor of NADH 
dehydrogenase (Table I) and by 1 mM cyanide, an in- 
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Table I 
Effcct~ of glucose and inhibitors of oxidative phosphorylation  respiration, g.ly¢olysis and ATP levels in EL.4 cells 
Conditions Respiration Glyeolysi~ ATP (% of initial) 
(nM O4mm l0 ~ cells -m) (nM lactate/rain, l0 °cell: l) 
0,Sh lh  
Control 0.67 +_ 0.06 0. l I -2_ 0.01 70 +_. 9 75 - 2 
Rotenone 0.04 ± 0.02 0 08 ± 0 03 4.7 _± 0.3 4.0 Z 0.7 
DNP 1 23 + 0.03 - 3 1 ± 0.2 - 
CCCP 1.13 _ 0,04 - 2,0 + 0 1 - 
Oh~omyein  0,15 5:0.01 - 3.7 ± 0.I - 
Glucose 0.54 +_. 0.04 1.95 _+ 0.04 - 92 - 6 
Glucose + rotenone 0.04 ± 0.02 3 20 + 0 20 - 84 +- 3 
Gltteo~e -, DNP 0.86 _ 0.02 7.00 i 0.40 - 81 +- 11 
The cells were incubated m HBSS at 37°C; respiration, glycolysi~ and ATP levels were determined a.~ described insection 2. Concentrations u e~ 
roteaone 2/~M; DNP 250/.tM; CCCP 4 laM; oli8omycin 1/ag/ml; 81ucose 10 raM. The initial ATP level wa.s 15 ± 2 nM/10 ~ cells. 
hibitor of  cytochrome oxidase (data not shown). An 
inhibitor of  mitochondrial H ' -ATPase,  oligomycin, 
also significantly (>70%) suppressed endogenous respi- 
ration, indicating its tight coupling to phosphorylation 
(Table 1). Uncouplers (D1NP and CCCP) stimulated en- 
dogenous respiration about 1.7-1.8-fold. The en- 
dogenous respiration could maintain cell ATP  levels tbr 
1 h and all inhibitors of  oxidative phosphorylation 
caused rapid ATP depletion, which was totally pre- 
vented by glucose (Table 1). The endogenous glycolysis 
of these cells was very low, so only exogenous glucose 
could maintain high ATP levels in these cells. 
Thus, the above data show that endogenous respira- 
tion, as well as glycolysis, are effective in the ATP pro- 
duction in the studied cells. However, aerobic glycolysis 
in EL-4 cells had no inhibitory effect on cell respiration 
in contrast o EAC (see above) and many other tumor 
cells [1]. Such an effect may be due to the following 
possible reasons: increased ATPase acttvity in glucose- 
respiring cells and (or) decreased efficiency of phospho- 
rylation. 
An inhibitor of Na÷0K~-ATPase, 1 mM ouabain, and 
oligomycin were found to be without effect on aerobic 
glycolysis in ELo4 cells (data not shown), although in 
some tumor cells they suppressed this process [3,4]. Thi 
may indicate that at least two ATPases with high acti~ 
ity (NaLK+-ATPase and H%ATPase) do not play an 
significant role in the high aerobic glycolysis o f  the~ 
cells. We also tested another possibility, and found th~ 
the RCR of EL-4 cells was significantly (about 2-foh 
decreased in the presence of  glucose. As shown in Tab 
II, the RCRs  of EL-4 cells were 6.2 with endogenon 
substrates and 8.0 with glutamine, but glucose d 
creased this value to 3.2, mainly by stimulating the sta 
4 respiration. This effect was absent in the normal cou 
terpart of  thymoma cells, thymocytes: their RCR w~ 
about 7.0, independent of  glucose (Table ll). The san 
RCR of intact thymocytes was found previously [14]. 
similar lack of  effect of glucose on the state 4 respirati~ 
was also found in EAC: their RCR was 7.2 (data n 
shown), 
Thus, here we describe a new mechanism of  increas 
aerobic glycolysis in tumor cells: glucose.induced lowt 
ing of the efficiency of  oxidative phosphorylation. Ti 
effect was found in EL-4 thymoma but not in norn 
cells (thymocytes) or in EAC cells showing signific~ 
Crabtrec effect. The above finding may also explain t 
small Crabtree effect in EL-4 cells: their respiration 
Table II 
El'feet of glucose on the RCR of EL-4 tumor calls mid thymocyte.s (Thym.) 
Subslrato Respiration (% oi" control) 
Oligomycin Ohgomyein +CCCP RCR 
EL-4 Thym, EL-4 Thym EL-4 Thym. 
Endogenous 23 + 1 26:1:5 142 ± 9 189 ± 19 6,2 + 0.4 7.3 ± 0.7 
Gluco~ 39 ~- 3* 29 + 4 124 _+ I i 202 :I: 20 3,2 +__ 0.5* 7.0:1:0.7 
Glutamine 24 ± 2 - 193 ± 20 - 8.0 _ 0.8 - 
All parameters were determined as d~ribed m .section ..'~ Coneentrauons: glueo~ 10 raM° gnu.alamo" . . . . .:,l,Y,," oligoraycln ! ~$'ml, '~t'.r..___. 2 J
The r~spirations m control.s for EL-4 thymoma and thymocytes were 0.67 ± 0,06 and 0.11 "± 0.0~8 nM/min l0 ~ cells, re.spccti~ 
*P < 0.01 comparing with endogenous respiration, 
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partially uncoupled and cannot be inhibited by glycoly- 
sis, in contras~ to EAC cells. As found previously, un- 
couplers were able to prevent the Crabtree eflbct in 
tumor cells [1]. Resting thymocytes had no significant 
aerobic glycolysis, so their respiration was not inhibited 
by glucose (data not shown). 
The significance of this uncoupling effect of glucose 
in other tumor cell lines has to be evaluated, but recent 
data on the energetics of P388 leukemia cells may also 
indicate a low efficiency of their oxidative phosphoryla- 
tion in glucose-containing media: the respiration in oli- 
gomycin-treated cells was 44% of controls [15] (of. Table 
II). 
Why does glucose increase the state 4 respiration? 
One possible explanation may be the following. It has 
been shown that endogenous respiration of tumor cells 
is due to fatty acids oxidation. Glucose significantly 
decreased this process, stimulating fatty acid synthesis 
[1,8]. So, addition of glucose may increase endogenous 
free fatty acid levels. As was shown previously, a low 
concentration (10/zM) of palmitat¢ significantly de- 
creased the RCR of isolated skeletal muscle mitoehon- 
dria due to stimulation of the state 4 respiration [16,17]. 
A much higher content of endogenous free fatty acids 
was found in tumor mitochondria than in liver [l 8], and 
bovine serum albumin, which binds fatty acids, inhib- 
ited endogenous ATPase activities of human tumor mi- 
tochondria [l 9]. 
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